Peripheral blood lymphocytes from a sample of 62 randomly selected donors were analysed for spontaneous and diepoxybutane (DEB)-induced chromosomal aberrations (CA). These individuals were part of a larger sample of 122 subjects whose DEB responsiveness was evaluated by means of sister chromatid exchange (SCE) analysis. Confounding factors (such as smoking, wine and coffee consumption, occupation and haematological factors) were analysed for their effect on individual DEB-responsiveness, but no statistically significant associations were observed. Interestingly, a bimodal distribution of aberrant cell frequencies was clearly detectable, showing the existence of DEB-sensitive subjects belonging to the second mode (CA frequencies >19%). When responsiveness evaluated by means of CA induction was compared with SCE responsiveness, it was noted that all SCE-inducible subjects (>110.9 SCEs/cell) belonged to the second mode of CA frequency distribution. On the other hand, highly CA inducible individuals did not necessarily show a higher SCE-response, although their DEB-induced SCE frequencies were above average (92 SCEs/cell). DEB-induced CA frequency correlated with baseline levels, indicating that DEB-sensitive individuals also showed higher spontaneous chromosome damage (3.6 versus DEB-resistant 2%, P < 0.05). Finally, when simple and multiple regression analyses were carried out, DEB-sensitivity appeared negatively related to haematic concentrations of proteins and uric acid (intercept 0.131 ± 0.011, slope -0.029 ± 0.0116, r = -039; P < 0.01), probably due to its antioxidant activity. This finding confirmed previous observations on the scavenger activity of plasma factors on DEB mutagenicity.
Introduction
Individual susceptibility to mutagens and carcinogens can be studied in vitro by treating peripheral blood lymphocytes and observing the cytogenetic outcome in terms of chromosome damage. In particular, the responsiveness to diepoxybutane (DEB) was extensively investigated in subjects affected by Fanconi's anaemia (FA), in their obligate heterozygote parents (Cohen et al, 1982) , and also in normal subjects. Interestingly, in this latter case Wiencke et al. (1991) and Kelsey et al. (1991) described a bimodal distribution of DEB-induced SCE means in a sample of 58 normal subjects, thereby indicating that sensitive donors constituted ~24% of the sample. However, when the same authors carried out a follow-up study on 78 healthy individuals (Wiencke et al, 1995) a unimodal distribution was observed. Moreover, a unimodal distribution of DEB-induced SCE frequencies was also observed in another study (Landi etal, 1996a) , in which 122 donors were analysed. In spite of these differences, the common feature of these SCE frequency distributions was the existence of 'long tails' made up of ~22-24% of individuals who showed increased sensitivity to DEB. Previous studies indicated that the GSTT1 homozygous deficiency could be one of the most important factors determining hyper-susceptibility to DEB: GSTT1 homozygous null genotype appeared tightly associated to DEB-sensitive phenotype (Norppa et al, 1995; Pelin et al, 1996; Landi et al, 1996b) . However, other unknown factors appeared to modulate DEB responsiveness since an incomplete overlapping between GSTTl-null genotype and sensitive phenotype was observed when a larger human sample was analysed (Wiencke et al, 1995) .
In normal human subjects, individual DEB-sensitiveness has never been thoroughly analysed by means of CAs. Cohen et al. (1982) considered a sample of four FA patients, 10 FA obligate heterozygotes and 25 controls. At low doses, FA patients revealed very high CA levels, but at doses >0.1 (J.g/ ml, controls and FA carriers showed elevated interindividual susceptibility. Thus some subjects displayed CA frequencies similar to those of controls, while others showed very high aberrant cell induction, at times even reaching levels seen in FA patients. Moreover, Wiencke et al. (1991) analysed only those subjects already characterized as DEB-sensitive or DEBresistant on the basis of their SCE response: a higher CA frequency was found in the former group. The purpose of the present work was to achieve a better characterization of individual CA responsiveness to DEB, by investigating DEBinduced CA frequencies in a sample of 62 normal donors, already analysed for SCE responsiveness, and to assess the contribution of some biological and life-style factors such as sex, age, smoking habit, coffee drinking, alcohol drinking and occupation in modulating the individual response.
Materials and methods

Study population
Volunteer donors completed an interviewer-administered questionnaire, developed as a modified Italian version of the standard NHLI questionnaire by the Italian National Research Council (CNR-Questionnaire). We considered the most important variables: sex, age, smoking habit, coffee consumption, wine consumption and occupation. Factors were classified dichotomically as follows: smokers/non-smokers, coffee drinkers/non-drinkers, wine and beer drinkers/non-drinkers. Ex-smokers were grouped into the non-smoker group. Since smokers generally were also coffee drinkers, and life-styles were linked, the smoking habit, coffee drinking and wine drinking were stratified by creating a new variable 'life style' (LS) as showed in Table I .
Subjects were also classified into five classes according to their occupation: pensioners, students, housewives, blue collar workers, and white collar workers. White collar workers are employed in State Administration Offices, banks and the service sector, while blue collar workers are mostly employed in leather tanning, wooden furniture factories, or textile, mechanical and chemical industries.
Haematological variables were analysed for their possible effect on DEB- responsiveness (red and white cells, platelets, haemoglobin, uric acid, proteins, cholesterol, triglicerides, creatinin, haematocrit, Na, Ca, K, GPT, GGT, GOT, myelo-peroxidase, lymphocyte, monocyte, eosinophil, basophil and neutrophil percentages).
Culture conditions
Venous blood was collected in sodium-heparinized tubes: 0.3 ml of wholeblood was added to 4.7 ml tissue culture medium composed of: 4.11 ml Ham's F10 (ICN Biomedicals, Milano, Italy), 0.5 ml foetal calf serum (ICN Biomedicals, Milano, Italy), 0.075 ml phytohaemagglutinin (Sigma-Aldrich, Mjlano, Italy), penicillin (Sigma-Aldnch; 100 U/ml), streptomycin (SigmaAldrich; 100 Hg/ml), 9 (ig/ml 5'-bromodeoxyuridine (BrdUrd; ICN Biomedicals). Cells were cultured for 72 h at 37°C. Cells were treated with colcemid (0.2 (iM; Ciba Pharmaceuticals, Milano, Italy) 2 h before harvesting. Harvesting, fixation and slide preparation was conducted in accordance with standard methods. Slides were differentially stained according to fluorescenceplus-Giemsa procedures (Perry and Wolff, 1974) with marginal modifications. A total of 25 second-division metaphases from two different cultures were used for SCE scoring. DEB (± l,2:3,4-butadiene dioxide, Aldrich chemicals, Milano, Italy) treatment was continuous from the 21st h of culture. DEB was diluted to final concentration (6 uM) in bidistilled stenlized water and a fresh solution (100 |il added to cultures) was prepared each time. Two parallel cultures were prepared for each dose. After SCE analysis, slides from 62 donors were randomly selected for chromosomal aberration scoring. Two operators scored blind 50 first-metaphases, reading a total of 100 for each subject. Isochromatid and chromatid aberrations were scored separately and the total aberrant cell percentage, with and without gaps, was used as the main parameter for assessing individual susceptibility to DEB in treated cultures.
Statistical analysis
In considering donor life-style (Table I ) a pronounced linkage between smoking, coffee drinking and wine drinking was noted. In fact, only seven subjects were non-smokers and non-coffee drinkers, moreover all the smokers were coffee drinkers. In spite of the very few subjects falling in some levels of LS variable, LS variable was employed when multifactor analysis of variance (MANOVA) was performed. In order to correctly apply MANOVA to CA frequencies, data were transformed to obtain the best approach to the Gaussian distribution. Spontaneous values were transformed as recommended by Sokal and Rohlf (1981) (arcsinVp; p = frequency of aberrant cells; y}\ P = 0.25), while DEB-induced CA frequencies were log-transformed (x 2 test: P = 0.95). When haematological values were analysed, correlations among them appeared. Therefore, in order to correctly apply multiple regression analysis (MRA) to the haematological values, a preliminary principal component analysis (PCA) was performed. MANOVA, MRA and single regression analysis (SRA) were executed by running Statgraphics 4.0 software (STSQ. Cluster analysis and PCA were performed using SAS software. The Mest on the skew of distributions was calculated as recommended by Sokal and Rohlf (1981) [t = gl/V(67n)]. Goodness-of-fit was calculated with the maximum likelihood method by running MIX software version 3.2. Tables representing a lower total number of donors are due to missing data.
Results
Overall statistics of the donor samples classified according to smoking habit, coffee and wine consumption (LS), age, sex and occupation are shown in Table II . DEB induced a roughly 10-fold increase in the rate of CAs, but very high inter- 2.0 ± 1.4 3.0 ± 1.4 1.4 ± 0.9 2.3 ± 1.9 3.0 ± 2.7 2.8 ± 1.6 3.0 ± 1.4 1.7 ± 2.1 1.8 ± 1.7 3.3 ± 1.9 3.1 ± 2.0 1.6 ± 0.8 Treated CAs -gaps (%) 12.98 ± 7.7
11.60 ± 6.8 14.70 ± 8.0
9.00 ± 6.7 5.99 ± 5.9 13.77 ± 10.4
13. individual variability was observed. Thus, some subjects presented a very low DEB-induction, at times even overlapping control levels. Moreover the highest responsive subject showed CA levels 24.8-fold higher than the lowest. The distribution of spontaneous CA frequencies was highly asymmetrical (t = 2.25, d.f. = oo, P < 0.05) and not Gaussian. However, the most interesting finding is represented by the shape of distribution of DEB-induced CA frequencies (-gaps), displayed in Figure 1 . CA frequency distribution does not fit with a Gaussian {P level of X 2 test = 0.002) and is asymmetrical (t = 2.85, d.f. = oo, p < 0.05). In contrast, the bimodal model shows the best goodness-of-fit as compared with the normal or log-normal model, showing % 2 = 28.5 (d.f. = 29) and a probability level of 0.489. Therefore, the distribution can be Induction of DNA damage and mlcronucleus formation .34 according to the maximum likelihood method. In conclusion, these findings strongly suggested that individuals can be characterized by two different and well-defined patterns of CA induction by DEB.
When the CA frequencies were analysed, no statistically significant associations were found with the confounding factors sex, age, life-style and occupation. Results from MANOVA are shown in Table III . This observation was also confirmed by the similar proportion (~25%) of high-and lowresponders in the different classes of occupation, sex, age and life-style. Similar results were found when the variables of smoking, coffee and wine drinking were employed instead of the variable LS (MANOVA not shown).
In order to investigate possible associations between DEBsensitivity and other confounding variables, haematic values were considered. Such values can be affected specifically by diet, metabolism and other constitutional factors, thus allowing new information to be obtained. Since the haematological values presented were intercorrelated, the most appropriate way to analyse them was to employ PCA separately for metabolic and cellular indicators (Table IV) . Principal components MET 1, MET 2, MET 3, MET 4, MET 5 and MET 6 (metabolic variables) removed 69% of total variability while CEL 1, CEL 2, CEL 3, CEL 4 and CEL 5 (cellular variables) accounted for 84.5% (see Table IV) . Principal components were then entered in a multiple regression analysis (not shown) considering CA frequencies as dependent variables. Among the factors, MET 1 (mainly correlated with plasma proteins, r = 0.56, creatinin, r = 0.60, GOT, r = 0.78, GGT, r = 0.73, GPT, r = 0.77 and uric acid, r = -0.51) appeared to be the most interesting, since it was statistically significantly associated with CA levels induced by DEB. The negative correlation between DEB-induced CA frequencies and MET 1, analysed by single regression analysis, is displayed in Figure  2 and is summarized in the model: Y = a + b*X, where the intercept (a) is 0.131 ± 0.011, the slope (b) is -0.029 ± 0.0116, and the coefficient of correlation (r) is -0.39, P < 0.01. MET 1 alone accounted for 14.8% of total CA variability. Subjects belonging to the second mode showed lower levels of uric acid, plasma proteins and creatinin. In other words, these haematic components appeared strongly associated to DEB responsiveness.
Baseline CA levels were not associated with haematic components at all. Following DEB-induction, high-responders presented higher levels of both chromatid and isochromatidtype aberrations. Isochromatid breaks, chromatid breaks and chromosome rearrangements (such as dicentrics and stable translations) showed a 2-, 2.8-and 6-fold increase respectively. Chromatid rearrangements, in particular chromatid exchanges and quadriradials, showed an ~4.5-fold increase. No significant differences have been observed in gaps. Table V displays the corresponding classification. The statistical significance was calculated by the x 2 test. Baseline CA frequencies showed a borderline correlation with those induced by DEB (P = 0.052, plot not shown). Moreover, susceptible individuals showed significantly higher frequencies of chromatid aberrations and total spontaneous aberrant cells, values being approximately doubled (Table HI) . Finally, DEBinduced CA frequencies were compared with SCE frequencies. Fig. 3 . Linear regression of total aberrant cell frequency (without gaps) on SCEs/cell frequency. The intercept is a = -0.114 ± 0.0498, the slope is b = 0.00246 ± 0.00049 and r = 0.55 (P < 0.001). Subjects showing over 110.9 SCEs/cell were considered outlier donors and the observed correlation is sustained by them: in fact no apparent correlation exists inside the two groups delimited by CA frequencies. High-SCE-Low-AC subjects (HSLA) are highlighted in light grey, High-AC-Low-SCE subjects (HALS) are highlighted in dark grey.
HALS
SCEs/Cell
DEB-induced SCE means appeared unimodally distributed as reported and analysed elsewhere. However, cluster analysis allowed a good discrimination between two groups separated at 110.9 SCEs/cell. (Landi et aL, 1996a) . In Figure 3 the correlation between DEB-induced SCE means and CA frequencies is shown. It should be stressed that all high-CA responders showed SCE frequencies above the average (92.2 SCEs/cell). In particular, DEB-induced SCEs significantly regressed on CA frequencies: the intercept was a = -0.114 ± 0.0498, the slope b = 0.00246 ± 0.00049 and r = 0.55 (P < 0.001). However, when a single regression analysis was carried out considering separately sensitives and resistants, no statistically significant SCEs-CAs correlation was detected, indicating that the regression was sustained by inter-cluster differences rather than intra-cluster differences. In other words the correlation between CA and SCE frequencies was due to the existence of subjects belonging to the second mode of CA and simultaneously showing DEB-induced SCE over the average. All the subjects showing > 110.9 SCEs/cell belonged to the second CA mode. From the figure it also appeared that CA analysis was more informative than the SCE assay, since resistant and sensitive subjects were quite distinct.
Discussion
The most striking feature to emerge from this data is the bimodality of CA frequency distribution. This finding suggested the existence of two distinct patterns of response to DEB-induced CA and confirmed the results of previous research obtained by analysing SCE frequencies (Wiencke et aL, 1991 (Wiencke et aL, , 1995 Landi et aL, 1996a) . Our data showed a positive correlation between SCEs and CAs induced by DEB. However, this association is mainly supported by 10 subjects whose high CA responsiveness overlaps with high SCE frequencies (> 110.9 SCEs/cell). If these 'CA + SCE highresponders' were excluded, the regression line became flat, suggesting that the correlation was due to inter-cluster differences, but was not present within clusters. In comparing individual sensitivity with DEB as assessed by CA or SCE analysis, the first cytogenetic endpoint seemed to allow better discrimination of inter-individual differences. The majority of subjects analysed belonged either to the high-SCEs/highCAs or low-SCEs/low-CAs group. However eight individuals showed limited discrepancy: three showed high SCE frequency (113.5 SCEs/cell) but belonged to the first mode of CA frequency distribution, and five showed high frequency of aberrant cells (24.6%) but lower SCE levels (97.8 SCEs/cell). The three 'high-SCE/low-AC (HSLA) and the five 'high-AC/ low SCE' (HALS) individuals showed similar iso-chromatid type aberrations (9% on average), but in the latter group the chromatid-type aberrations were increased, reaching ~12% in comparison with 3.5% of chromatid-type aberrations present in the former. Life-style was apparently not able to affect or modulate individual DEB sensitivity: we could speculate that the induction of enzymes detoxifying DEB (i.e. glutathione S-transferase theta) are not inducible or affected by the factors considered.
On the contrary, haematological values showed a surprising association with individual sensitivity to DEB as assessed by CA analysis: CA frequencies are negatively correlated with MET 1 (plasma proteins, creatinin, uric acid and transaminases GOT, GGT and GPT). This relationship confirmed a previous observation on the role of plasma blood in modulating the responsiveness to DEB (Landi et al, 1995) accounting for 8% of the reduction in DEB mutagenicity. DEB-sensitive subjects showed lower levels of plasma proteins, creatinin and uric acid. Regarding the former component a non-specific 'scavenger' effect was assumed. Proteins could represent nucleophilic sites where DEB may act. On the contrary, the role of uric acid could be more important. Uric acid is one of the most important free radical scavengers in humans, mimicing the activity of ascorbic acid, and its low serum concentration has associated with higher cancer risk in smokers (Ames and Gold, 1991) .
It has been shown that DEB responsiveness is strongly affected by the polymorphic glutathione 5-transferase theta isozyme (GSTT1) (Pemble et al, 1994; Norppa et al, 1995; Landi etal, 1996b) . The observed bimodality of CA frequency distribution and the related differential sensitivity to DEB could be explained by lack of the GSTT1 gene in 24% of homozygous subjects. It could therefore be speculated that HALS donors are GSTT1 deficient, expressing a high sensitivity to DEB-induced chromosome damage, but characterized by a markedly reduced ability to promote SCE formation. If SCEs represent a possible mechanism of recovery of DNA lesions, these HALS subjects could be characterized by a reduced DNA repair capacity and, possibly, increased cancer risk. Fanconi's anaemia patients show a similar anomalous pattern of responsiveness to bifunctional alkylating agents (such as DEB or mitomycin C): the high in vitro inducibility of chromosome aberrations is coupled to very low increments of sister chromatid exchange frequencies. It is unlikely that HALS donors (8.6% of the sample) are FA carriers because the frequency of FA heterozygotes has been assessed as ranging up to 0.33% (Swift et al, 1980) . However a better definition of the problem will be reached once the biological significance of SCEs is defined.
